
METHOD AND DEVICE FOR CONTROLLmC THE TRANSITION IN A DIRECT 
INJECTION INTERNAL COMBUSTION ENGINE 

CROSS REFERENCE TO RELATED APPLICATIONS 
[0001] This application is the US National Stage of International Application No. 

PCT/EP2004/052023, filed September 3, 2004 and claims the benefit thereof. The 
Intemational Application claims the benefits of German application No. 10341070.8 filed 
September 5, 2003. All applications are incorporated by reference herein in their entirety. 

FIELD OF THE INVENTION 
[0002] The invention concerns a method or a device, as applicable, in accordance with 

the accompanying claims, by which it is possible to control the transition fi-om a first mode of 
operation of an internal combustion engine operating with direct injection of the fuel to a 
second mode of operation, for example between a homogeneous stoichiometric and a 
homogeneous lean stratified or HCCI mode (homogeneous charged compression ignition), 
switchovers of the valve lift or the valve phase. 

BACKGROUND OF THE INVENTION 
[0003] It is ateady known that a step-change in torque generally occurs when 

switching over between two modes of operation, and that depending on the mode of operation 
this can be impermissibly large. The reason for this step-change in torque is evidently that the 
magnitudes of the air masses inducted into the cylinders of the internal combustion engine 
differ for the different modes of operation, generating torques with a corresponding 
magnitude. The step-change in torque can lead to irregular running of the intemal combustion 
engine, which makes itself evident in driving use in imdesirable ways, for example as 
juddering, 

[0004] In the case of small step-changes in the air masses it has been possible, until 

now, to compensate for them by resetting of the ignition angle. This involves retarding the 
ignition angle far enough to ensure reliable combustion of the fiiel-air mixture. However, the 
late combustion of the fuel-air mixture effects a reduction in the torque. With a large step- 
change in the air mass, the situation could arise in which a resetting of the ignition angle alone 
is no longer suflBcient to compensate for the step-change in torque. To avoid undesirable 
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juddering of the vehicle occurring in this case, the switchover to the second mode of operation 
is generally inhibited, or the engine is so arranged that no large step-change can occur in the 
air mass. The price for this is a correspondingly higher fuel consumption. 

SUMMARY OF THE INVENTION 
[0005] The object underlying the invention is to propose a method or a device, as 

applicable, with which a significantly larger reduction in the step-change in the torque can be 
achieved. This object is achieved by the characteristics of the accompanying claims. 

[0006] In the case of the method in accordance with the invention or the device for 

controlling the transition between two modes of operation, as applicable, with the 
characterizing features of the accompanying claims, there is the advantage that even a large 
step-change in the torque can still be successfully reduced, without detriment to the 
combustion of the fiiel-air mixture. This is achieved by split injection, by which at least a 
portion of the fuel which is to be injected is injected into the cylinder or cylinders of the 
internal combustion engine during the compression phase. Injection during the compression 
phase results in three main effects which support a reduction in the torque: The reduced 
internal cooling in the cylinder results in a reduction in the mass of the air inducted, because a 
portion of the fuel load injected is injected at a poiat in time when the cylinder's valve is 
already closed (compression phase). In addition, there is the advantage that the combustion is 
made more inefficient, because when the injected fuel is injected late the swirling is less 
marked. Finally, measiu-ements have also shown it is advantageous in that the smoothness of 
running of the internal combustion engine is unchanged if the ignition angle is retarded even 
more with injection during the compression phase. By retarding the ignition angle, a further 
reduction in the torque can be achieved. It is seen as particularly advantageous that the 
invention achieves a significantly greater reduction of the step-change in the torque without 
detriment to the smoothness of running of the internal combustion engine. 

[0007]. The measures itemized in the subclaims are advantageous developments of and 

improvements to the method and device specified respectively in the accompanying claims. 
An alternative solution seen as particularly advantageous is that during the switchover phase 
the fuel load to be injected is injected entirely within the compression phase. As a result, the 
fuel makes no contribution to the cooling of the air mass which is in the cylinder, so that 



2003P08307WOUS Sub Specification Clean DJR.rtf 



Page 2 of 9 



during the switchover phase the air mass is relatively small and therefore a relatively small 
torque is generated. 

[0008] Ehiring the compression phase the valves of the cylinder are closed, so that the 

fiiel injected into the cylinder cannot be so strongly swirled as it could if the injection valve 
were open. For the purpose of further reducmg the torque it is therefore sufficient in many 
cases to inject only a portion of the fuel. 

[0009] A further reduction in the torque is achieved if the ignition angle is set 

continuously retarded during the switchover pheise. Because the later the fiiel-air mixture is 
ignited the smaller is the resulting torque. 

[00010] It is also seen as a good solution if, after the switchover, nomial operation of 
the standard injection for the mode of operation concemed is resumed as soon as torque 
smoothing is completed. For example, if a switchover has been made to operation with a small 
valve lift it is then possible to set the control of the air mass, the fuel load and the ignition 
angle to the values specific to this mode of operation. This has no negative effect on the 
smoothness of running of the internal combustion engine, so that this switchover operation is 
imperceptible even to the occupants of the vehicle. 

[00011] A preferred advantageous application results if, for a discrete switchover of the 
valve lift, the difference in the valve lift can be amplified. A different valve lift produces a 
difference in the level to which the cylinder is charged, and thereby also a torque of a 
correspondingly different magnitude. Since a high cylinder charge is inevitably also linked 
with an increased fiiel consumption it is possible, in particular in partial-load conditions when 
the maximum po\yer of the engine is not required, to switch over to a smaller valve lift with a 
correspondingly lower fuel consumption. 

[00012] It is further advantageous, when switching over to operation with a small valve 
lift, to first open the throttle valve, to retard the ignition angle back to a permissible minimum 
value and, if necessary, to activate split injection in the compression phase. This is the most 
reliable way of compensating for a step-change in torque. 
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[00013] If the switchover has been successful, the injection can then be reset to the 
standard values. 

[00014] In the case of the device for controlling the transition between two modes of 
operation, it is considered particularly advantageous if, for controlling the switchover, use is 
made of a program, that using an algorithm an adjustment device on the intemal combustion 
engine can be controlled in such a way that the fuel injection takes place in the compression 
phase. In particular, the program can contror adjustment devices for the throttle valve, the 
ignition angle setting and/or the fuel injection. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[00015] An exemplary embodiment of the invention is shown in the drawing, and is 
explained in more detail in the following description. 

Figure 1 shows an exemplary embodiment of the invention with a diagram, in which a 
switchover is made from operation with a large valve lift to operation with a small valve lift. 
-« 

Figure 2 shows a second diagram of the invention in which a switchover is made from 
operation with a small valve lift to operation with a large valve lift, 

Figure 3 shows a schematic illustration of a block diagram, and 

Figure 4 shows a flow diagram for the control of the modes of operation. 

DETAILED DESCRff TION OF THE INVENTION 
[00016] The way in which the switchover between two modes of operation functions 
will be explained in more detail for an exemplary embodiment in accordance with the 
invention, as shown in Figure 1, by reference to a diagram. By way of example, it is assumed 
that an intemal combustion engine operated using fuel direct injection is to be switched over 
from operation with a large valve lift on the inlet and/or the exhaust valves to operation with a 
small valve lift. On the one hand this switchover will result in the torque generated being less, 
and on the other hand this mode of operation is more fuel-saving, so that under certain 
operating conditions, for example under partial load when the maximum torque is not 



2003P08307WOUS Sub Specification Clean DJR.rtf 



Page 4 of 9 



demanded of the engine, a fuel-saving mode of operation with the small valve lift appears 
advantageous. As a result of the switchover to operation with a small valve lift, it is no longer 
possible for as much air to flow into the cylinders of the internal combustion engine as before, 
when operating with a large valve lift, so that the torque is thereby reduced. There are various 
known methods for switching over the valve lift, so it is not necessary to explain these 
methods in more detail. For example, the switchover can be effected mechanically by an axial 
movement of the camshafts. In this case, the camshafts are fitted with cams of different 
heights, by which the valve tappets are actuated. Alternatively, the cups of the tappets can be 
raised hydraulically, thus affecting the valve lift. 

[00017] The switchover is effected automatically, and should be imperceptible to the 
driver or occupants of the vehicle, so that there is no detrimental effect on the ride comfort. 
However, if the full torque of the engine is required at a later point in time then there is an 
automatic switch back to operation with a large valve lift again. 

[00018] In the diagram in Figure 1, the time t is plotted along the x-axis. Plotted against 
the Y-axis are the amplitudes of each of the three different curves. The continuous curve is to 
represent a prescribed air mass setpoint LS, required for the two operating modes with a large 
valve lift or a small valve lift, as applicable. This air mass setpoint LS can be set using the 
throttle valve on the combustion engine. The dotted curve LA reflects the current value of the 
air masses, which the presettings result in for the cylinder concemed of the combustion 
engine. The curve shown as a dashed line corresponds to the ignition angle ZW, which is 
prescribed by an appropriate control device. 

[00019] In the left-hand part of the diagram in Figure 1, the engine is still operating 
with a large valve lift. The throttle valve is relatively far closed, so that the air mass setpoint 
LS is at a low level (lower left segment of the curve LS). The switchover phase to the small 
valve lift starts at time tl, from where the curve LS rises vertically, and has been completed by 
the right-hand part of the diagram. For the purpose of switching over to the small valve lift, 
the air mass setpoint must first be raised (vertical rise in the curve LS), so that the torque can 
be held constant during the switchover. For this purpose, the throttle valve is opened at the 
point in time tl, so that the current air mass in the engine's cylinder increases, as shown by the 
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curve LA. When the curve LA reaches the air mass setpoint LS, it is then possible to switch 
over to operating with a small valve lift. This latest switchover time point is labeled tU. 

[00020] Preferably simultaneously with the switchover of the throttle valve, the ignition 
angle will be retarded from early to a minimal late value, which is reached at time tZ, as 
shown by the curve ZW. The fuel-air mixture which is present in the cylinder is still 
combustible at this ignition angle ZW. 

[00021] In accordance with the invention, provision is made for performing split fuel 
injection. At the point in time tZ and with the minimum ignition angle, split fuel injection is 
started. This results in a deterioration in the induction in the air infeed, leading to an increase 
in the ignition angle (towards early). After this, the ignition angle can be retarded, back to an 
even lower angle for the split fuel injection, so that the curve ZW drops back again. The 
switchover to operation with a small valve lift must actually be effected at the latest when the 
ignition angle is minimal, at the point in time tU. After the switchover to operation with a 
small valve lift, the air mass in the cylinders is large enough to trigger no step-change in the 
torque. For this mode of operation, the standard values for the ignition, air mass and injection 
now apply. 

[00022] The split injection is preferably carried out in the compression phase K, when 
the inlet and exhaust valves of the cylinder are closed. The injection during the compression 
phase K is carried out between the two time markers tZ and tU. The complete switchover 
phase U between the two time points tl and tU is indicated by the arrow U. 

[00023] Provision is made that, in the compression phase when the valves are closed, 
the fuel load which is to be injected is measured out as partial amounts. Altematively, it is also 
possible for the entire fuel load to be injected in the compression phase. - 

[00024] The diagram in Figure 2 shows the case of a switchover from operation with a 
small valve lift to operation with a large valve lift. The switchover proceeds in the reverse 
maimer to that previously explained for Figure 1. In the left-hand part of Figure 2, the engine 
is in the small valve lift mode of operation, i.e. the throttle valve is relatively wide open, so 
that the curve LS for the air mass setpoint has a large amplitude. The ignition is set to an early 
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point. The switchover of the valve lift takes place at the point in time tU, initially with a 
change in the injection so that at least a portion of the fuel load to be injected is fed in in the 
compression phase K. Simultaneously, closure of the throttle valve is started, i.e. a smaller air 
mass setpoint is prescribed, as shown by the curve LS. The current air mass value (curve LA) 
adjusts over time t to the prescribed lower air mass setpoint LS. Because of the valve lift 
switchover, the ignition angle is retarded at the point in time tU, as shovm by the curve ZW. 
After this, the ignition angle is reset to an early point, appropriate for the reducing air mass. In 
the course of this, the ignition angle can be retarded again at the point in time tZ, in order to 
increase it again for the standard injection. At the point in time t2, the ignition angle is at its 
base value, and the switchover is then complete. The arrow K shows the compression phase. 
The subsequent control of injection, air mass and ignition angle after the switchover is then 
carried out in accordance with the standard program. 

[00025] In a fiirther embodiment of the invention, provision is made for performing the 
switchover in a corresponding manner between two other modes of operation, for example 
homogeneous stoichiometric, homogeneous lean stratified or HCCI operation. It is also 
possible to control different valve phases in this way. 

[00026] Figure 3 shows a schematic representation of a device (control device) 10 for 
controlling the transition between two modes of operation, for example between operation 
with a large valve lift and operation with a small valve lift. The device 10 will preferably take 
the form of a part of an engine management system which, with the help of a software 
program (program with program memory 12), controls the engine functions during the 
transition between the two modes of operation. This program is executed each time there is a 
switchover to the other mode of operation. In addition, the device 10 has a memory 13 in 
which are stored an algorithm for the switchover of the two modes of operation together with 
fiirther data such as prescribed operational settings, limit values, etc., preferably in tabular 
form. The device 10 is connected, preferably via a bus system 20, with an actuator 14 for the 
throttle valve on the internal combustion engine 16. Also connected to the bus system 20 is a 
device 15 for detecting the rotational angle. It is thereby possible to control the quantity (air 
mass) of fresh air for the individual cylinders of the internal combustion engine 16 with the 
help of the actuator 14, and the ignition angle with the help of the device for detecting the 
rotational angle 15. Also provided is a revolution speed sensor 17 which supplies, to a unit 18 
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on the device 10, signals from which the engine's current revolutions per minute can be 
calculated. For example, from the data which is captured it is possible, with the help of a 
torque model, to determine for each operating state of the intemal combustion engine 16 the 
corresponding torque. From this is then derived a control signal for an actuating device 19, by 
which the switchover in the valve lifts can be controlled. 

[00027] Figure 4 shows a flow diagram of how the switchover phase for the two modes 
of operation can proceed with the help of the software program which is installed in the 
program memory 12 of the control device 10. The program shows, by way of example, the 
switchover from operation with a large valve lift to operation with a small valve lift, as 
explained above for Figure 1 . A switch back, or a switchover between two other modes of 
operation, proceeds in an analogous way. 

[00028] As shown in Figure 4, at the point labeled 1 the program starts the switchover 

m 

in operating mode, after the device 1 1 has detected or received a signal to initial the 
switchover phase. Thereupon, the throttle valve is first opened and the ignition angle 
iteratively retarded, and at the point labeled 3 a check is made as to whether the current 
ignition angle has fallen below a prescribed minimum first limit value. If not (i.e. 'n'), then 
the program jumps back to the point labeled 2, and the ignition angle is further retarded. 

[00029] When the current ignition angle eventually becomes less than the prescribed 
first limit value, at 'j' (yes), then at the point labeled 4 a switchover of the fuel injection to the 
compression phase of the intemal combustion engine 16 is initiated. The injection can be 
effected either as a single charge injection or altematively as a split charges. What is critical 
however is that, as a result of injection during the compression phase of the intemal 
combustion engine, the torque generated drops further than if the only adjustment were to the 
ignition angle. It is thereby more easily possible to match the torques before and after the 
switchover, and hence a step-change in the torque can be more reliably avoided. 

[00030] At the point labeled 6, the question is asked as to whether the setting of the 
torque is appropriate for a continuation using the standard injection. If not, then at *n' the 
' program jumps back to the point labeled 5. The ignition is further retarded and at the point 
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labeled 6 a test is again performed as to whether it is now possible to continue using the 
standard injection. 

[00031] If the answer is yes (i.e. at 'j') then at the point labeled 7 a switchover is made 
to the standard injection provided for the current mode of operation. 

I00032J At the point labeled 8, a test is performed on whether the switchover in mode 
of operation has been successfully completed. If not (i.e. at 'n'), then the program jumps back 
to the program start at the point labeled 2, and the program starts again, as described above. 

[00033] In the case of a positive completion of the switchover in operating mode (i.e. at 
*j'), the program terminates, at the point labeled 9. 
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